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ABSTRACT
Chemistry gives us the ability to manipulate atoms and molecules into nanometer and micrometer scale 
building blocks, while the science of crystallography is concerned with the spatial arrangement of atoms, 
ions, and molecules and thus the morphology and structures of materials. Complex three-dimensional ZnS 
nanostructures have been fabricated via step-by-step crystallographically-controlled chemical processes. 
Tricrystals of ZnS whiskers were prepared via a controlled thermal evaporation process, and then the tricrystals 
were thermally treated in an atmosphere formed by evaporating B N O precursors into N2/NH3 to afford BN-
coated arrays of nanobranches. The ZnS nanobranches grew epitaxially on the ternary facets and extended in 
three [0001] directions forming ordered nanostructures. Meanwhile, the protecting insulating sheath of BN 
formed on the ZnS nanostructures confined the growth of the nanospines and enhanced their stability. The 
method may be extended to fabricate other semiconductor nanomaterials with novel structures.
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Introduction
Chemistry gives us the ability to manipulate atoms 
and molecules into nanometer and micrometer scale 
building blocks which can serve as tailored functional 
materials. The chemical approach has achieved 
considerable progress in assembling nanostructures 
and nanofabrication [1 7]. In contrast to physical 
processes based on lithography techniques [8, 9], 
chemistry-based self-assembly is a low cost and high 
yield approach for the preparation of nanostructures, 
and is  expected to result  in more and more 
nanostructures with novel physical and chemical 
properties.
The science of crystallography is concerned 
with the spatial arrangement of atoms, ions, 
and molecules in crystalline states and thus the 
morphology and structures of materials. As expected, 
more and more studies have revealed that the 
growth of nanostructures is generally based on the 
crystallographic characteristics of the materials, and 
that this growth can be kinetically controlled along 
various crystallographic directions to afford various 
shapes of nanostructures [10 14]. For example, 
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wurtzite phase materials tend to grow along the 
[0001] direction [10 14] and zinc blende phase 
materials tend to grow along the [111] direction [13
16]. Motivated by this principle, we report here 
further investigations of the fabrication of complex 
nanostructures on the basis of crystallography via 
chemical processes. 
ZnS is an important II IV semiconductor, 
with representative crystal polymorphs, which is 
widely used in ultraviolet light-emitting diodes 
and lasers and other devices [15 20]. There has 
been considerable progress in the synthesis of ZnS 
nanostructures such as nanoparticles, nanowires, 
nanobelts, nanotubes, nanocables, and nanotetrapods 
[13, 14, 21 31]. Here we report a chemical route 
to fabricate complex three-dimensional  ZnS 
nanostructures. The method may be extended to 
fabricate other semiconductor nanomaterials and 
other novel nanostructures may be obtained via such 
controlled chemical process. 
1. Experimental
ZnS tricrystal whiskers were prepared by evaporating 
ZnS powder at 1250 °C under a N2 flow using a 
horizontal electrical resistance furnace. A graphite boat 
containing ZnS powder was inserted into a graphite 
tube. All the components were enclosed into a quartz 
tube. ZnS tricrystal whiskers were collected on the wall 
of the graphite tube at the downstream end, where the 
deposition temperatures was ~400 °C. Complex ZnS 
nanostructures were prepared by using ZnS tricrystal 
whiskers as precursors in an radio frequency (RF) 
induction furnace. A homemade B N O precursor 
was used to coat BN sheathes on ZnS nanostructures 
[32, 33]. The B N O powder was put into a graphite 
crucible, above which a BN disc with ZnS tricrystal 
whiskers was arranged. All the components were 
enclosed into a graphite susceptor which was held 
in a flowing N2 atmosphere (1.5 L/min). An RF 
induction furnace was used for heating the susceptor. 
The temperature of the susceptor was controlled to 
ensure that the B N O precursor was heated to 1700 
°C, whereas the ZnS tricrystal whiskers were heated 
to 900 °C. A N2/NH3 flow (N2 1.5 L/min, NH3 0. 05 
L/min) was passed through the B N O precursor and 
then the ZnS twin crystals. After 1.5 h, BN sheathed 
ZnS nanostructures were obtained. The as-prepared 
product was characterized by a field emission 
scanning electron microscopy (SEM, JSM-6700F) and 
field emission high-resolution transmission electron 
microscopy (HRTEM, JEM-2100F) operated at 200 kV.
2. Results and discussion
Figure 1 shows the SEM morphology of the ZnS 
tricrystal microwhiskers. Rectangular ridges and 
triangular grooves can be seen in the center of the 
whiskers in Fig. 1(a), as labeled with “M” and “N” 
respectively. Each rectangular ridge represents a 
single crystalline part of the tricrystal, while each 
triangular groove is made of two neighboring parts. 
The cross-section image of the whiskers (Fig. 1(b)) 
clearly reveals that the whiskers are ternary crystals. 
One part of the ternary crystal acts as the “core” 
forming twins with other two crystals using its 
(1013) and (1013) faces as twin planes, as confi rmed 
by SAED and HRTEM analysis (Fig. 1(d) and the 
following discussion). 
Figure 1(c) shows the TEM image of a ZnS 
tricrystal. The image of the tricrystal shows apparent 
black-white contrast due to the orientations of the 
three parts of the ternary crystal. The dark center 
part corresponds to a part stretching out of the paper 
surface, while the bright side parts correspond to 
the profiles of the other two crystals. It is difficult 
to obtain an HRTEM image of the interface of the 
bright side parts at the center of the tricrystal whisker 
because of the thickness of the dark center part in 
Fig. 1(c). Figure 1(d) displays the HRTEM image of 
an interface taken at the end of the tilted tricrystal 
whisker. The image reveals two sets of (0111)  lattice 
fringes and the interface between them. The (0111)  
planes make an angle of ca. 80° with the (1013) 
interface. Inset in Fig. 1(d) is the corresponding 
SAED pattern of the image projected along the 
[7523] axis, which consists of two sets of spots with 
a common (1013) reciprocal vector, indicating a twin-
related confi guration with the twin plane on (1013). The 
refl ection spots correspond to the bright side parts of 
the tricrystal. 
Figure 2 displays SEM images of the ZnS 
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nanostructures grown from tricrystal whiskers. 
Figure 2(a) shows arrays of nanospines which are 
aligned on the three sides of a tricrystal whisker 
viewed from the ridge. Figure 2(b) shows an image 
of the nanoarchitectures viewed from the groove of 
the tricrystal indicated in Fig. 1(a). Several “triangular 
fl ags” can be observed stretching out of the tricrystal, 
which have straight masts as long as about 3 μm. The 
axis direction of the masts is consistent with that of 
the arrays of nanospines. 
The arrays of ZnS nanospines were further 
characterized by TEM and HRTEM, as shown in 
Fig. 3. Figure 3(a) displays a typical structure of ZnS 
nanospine arrays grown on ZnS tricrystal whiskers. 
These nanospines have sharp tips and wide bottoms 
(ca. 100 nm wide) at the joint with the whiskers. 
The nanospines grow in the same orientation, as 
revealed in the defocused SAED pattern in Fig. 3(b). 
Each nanospine is a single crystal as evidenced by 
the SAED pattern (inset in Fig. 3(c)). The SAED 
pattern can be indexed as a wurtzite phase with 
the lattice constants a = 0.382 nm and c = 0.625 nm 
Figure 1 Morphologies and structures of ZnS tricrystals: (a) SEM image of ZnS tricrystal whiskers; 
(b) cross-section of ZnS tricrystal whiskers; (c) TEM image of ZnS tricrystal whiskers; (d) HRTEM 
image taken from the end of the tilted tricrystal whisker. Inset: SAED pattern of the tricrystal 
recorded along the [7523] zone axis, corresponding to the HRTEM image in (d)
(a) (b)
(c) (d)
Figure 2 SEM images of nanostructures grown from the ZnS 
tricrystal via three-dimensional epitaxy: (a) arrays of nanospines 
viewed from the ridge side of the tricrystal; (b) arrays of nanospines 
viewed from the groove of the tricrystal
(a)
(b)
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grow along the [3301]  direct ion 
with the three interfaces, i.e., (1013) 
and (0113)  twin planes and a twin 
boundary, as illustrated in Fig. 1(b). 
The crystal parts (β) and (γ) may 
make an interface which is parallel 
to the (1120)  planes of the crystal 
part (α). The (1013) and (0113) planes 
make an angle of ca. 125°, while the 
(1013) and (0113) planes make angles 
of 117.5° with the (1120) plane. The 
twins with {1013} type boundary 
show atomic-scale twinning and 
should be of low energy, while the 
twin boundary between parts (β) and 
(γ) does not show such twinning. 
We found two different interfaces 
between ZnS nanospine arrays 
after the reheating treatment of the 
tricrystals, i. e., the hollow groove 
one (Fig. 2(b) and the compact one 
(Fig. 5), which may correspond to the 
different twin boundaries shown in 
Fig. 4. It was found that the wurtzite 
bicrystal whiskers also have twin boundaries of 
{1013} planes [33]. However, the growth direction 
of bicrystal whiskers is different from that of the 
tricrystal wurtzite whiskers. The bicrystals grow 
along the direction (3032), while tricrystals may grow 
along the direction [3301].
Wurtzite phase materials have been synthesized 
as branched structures, including nanosaws, 
nanocombs, and nanocantilevers [10, 11]. All the 
branches of these nanostructures grow along [0001], 
as the nanospines grow on the tricrystal whiskers. 
The preferential orientation of the wurtzite family is 
consistent with their crystallographic characteristics. 
The formation of branch arrays can be explained 
in the frame of the crystal chemical bond method 
[34]. The crystal structure of wurtzite ZnS may be 
interpreted as stacked {ZnS4} tetrahedra sharing 
their common corners along the c axis. The growth 
direction of the ZnS crystal is determined by the 
relative stacking rate of the constituent tetrahedra on 
various crystal faces, and the stacking rate is strongly 
dependent on the bonding force between atoms in 
(a)
Figure 3 TEM images of BN-sheathed ZnS nanostructures: (a) arrays of nanospines; 
(b) defocused SAED pattern of the nanospine arrays; (c) HRTEM image of the tip of a 
nanospine: a single crystal nanospine coated with a uniform BN sheath. Inset: SAED pattern 




(JCPDS Card: 36-1450) recorded along the [1210] 
zone axis. Figure 3(c) is the HRTEM image of the tip 
of a ZnS nanospine clearly revealing the lattice with 
the interplanar spacing d001= 6.26 Å, and confi rming 
[0001] as the preferred growth direction for the 
ZnS nanospines. In particular, it clearly reveals that 
layered BN sheaths are uniformly coated on the 
nanospines. Figure 3(d) depicts the area of the joint 
between a nanospine and its whisker trunk, showing 
a single crystal structure without an interface 
between the nanospine and the trunk. 
We have found that the whiskers are tricrystals 
with twin planes of {1013}, and the arrays of 
nanobranches stretch out from three parts of the 
tricrystals along three [0001] directions. Based on 
the above results, a crystallographic model of the 
ZnS tricrystals can be proposed as schematically 
illustrated in Fig. 4. The crystal part (α) shares the 
twin plane of (1013) with the crystal part (γ), and 
shares the twin plane of (0113) with the crystal part 
(β). The three parts of the tricrystals share the zone 
axis of [3301].  That is to say, the tricrystal whiskers 
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the tetrahedra at the interface. The atom at the corner 
of a tetrahedron has a stronger bonding force than the 
atoms at other positions, thus crystals grow fast along 
the directions where the tetrahedron corners point. 
Each tetrahedron has corners in the [0001] direction, 
Figure 4 Crystallographic model for the ZnS tricrystals viewed along 
the [3301] zone axis
which favors the growth of ZnS nanocrystals along 
the [0001] axis [13, 14]. The wurtzite family can 
also be described as a number of alternating planes 
composed of four-coordinate cations and anions. 
The cation and anion tetrahedra alternatively stack 
along the c axis. The oppositely charged ions produce 
positively charged (0001)-cation and negatively 
charged (0001)-anion polar surfaces. The polarity of 
the wurtzite structure induces a unique asymmetric 
growth on the two opposite surfaces [8, 9]. The 
positively charged (0001)-cation surface may provide 
a self-catalyzed process for the growth of nanoteeth 
arrays, as observed in the cases of ZnO, CdSe, ZnSe, 
and ZnS [10, 11, 23 25, 30, 31]. 
A BN sheath was coated onto ZnS arrays of 
nanospines in the formation process through 
evaporating B N O precursors into a N2/NH3 
atmosphere. The BN sheath may play a role in the 
formation of the nanospines. From the interface 
between BN and ZnS, it is observed that the BN 
layers with (0001) facets are closely bound to the 
(1011) facets of ZnS with periodic lattice connections 
(Fig. 6). The coherence relationship between the BN 
sheath and the ZnS core may influence the growth 
of ZnS and result in the formation of nanospines. 
The appropriate temperatures for the formation 
of nanospines were found to be 800 900 °C. ZnS 
whiskers became coated with BN without the 
formation of nanospines at lower temperatures, while 
the ZnS nanoarchitectures were evaporated at higher 
temperatures.
It is an interesting and important problem to 
Figure 6 The interface between BN and ZnS showing periodic 
lattice connections between the (0001) facets of BN and the  (1011) 
facets of ZnS
Figure 5 SEM images of interface between the nanospine arrays 
grown from a ZnS tricrystal
(b)
(a)
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design and prepare semiconductor nanomaterials 
with special structures. Crystals have intrinsic 
structural characteristics which are closely related 
to their growth habits. Consequently, the design 
and fabrication of nanostructures based on the 
crystallographic characteristics of materials should 
be a viable route to such materials. The above results 
show that each tricrystal of the tricrystal whiskers 
has a (1013) twin plane, which is a low-energy twin 
plane with atomic-scale twinning as shown in Fig. 
4; such twin planes show good stability during the 
subsequent heat treatment as shown in Fig. 5. ZnS 
nanospine arrays were epitaxially grown in three 
[0001] directions on the three parts of the tricrystal, 
which is in accordance with the crystallographic 
characteristics of wurtzite. The twin boundary 
without the atomic-scale twinning exhibits poor 
stability during the subsequent heat treatment, as 
shown in Fig. 2(b).
3. Conclusions
ZnS tricrystal whiskers with {1013} twin planes 
have been synthesized by thermal evaporation- 
deposition methods; ZnS nanospine arrays oriented 
in three [0001] directions were epitaxially grown on 
the three parts of the tricrystal.  The results show 
that nanostructures can be designed and predicted 
by analyzing their crystallographic characteristics 
a n d  t h a t  o r d e r e d  a n d  c o m p l e x  o r i e n t e d 
nanostructures can be fabricated via step-by-step 
crystallographically-controlled chemical processes.
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